Introduction
In embryonic development the first hematopoietic and endothelial cells are derived from a common mesodermal precursor termed the hemangioblast. 1, 2 The hemangioblast requires the functional presence of the transcription factors Scl and Runx1 (also AML1), and the vascular endothelial growth factor (VEGF) receptor Flk-1, for proper formation. [3] [4] [5] Beyond those fundamental studies, little is known about the cascades of gene expression that regulate either initial hemangioblast formation or its subsequent decisions to differentiate. The hemangioblast gives rise to the 2 types of embryonic hematopoiesis, primitive and definitive. [1] [2] [3] [4] [5] Primitive hematopoiesis produces nucleated erythrocytes with embryonic globins, and monocytes. Primitive hematopoietic progenitors cannot fully recapitulate hematopoiesis in an adult who underwent transplantation. In contrast, definitive embryonic hematopoietic progenitors can restore hematopoiesis in an adult who underwent transplantation. Definitive hematopoiesis produces enucleated erythrocytes with fetal and adult globins, and produces all hematopoietic lineages. Recent evidence suggests that there may be distinct hemangioblasts for primitive and definitive hematopoiesis. 4 This hypothesis came from the finding that murine embryonic stem cells that have Runx1 homozygously deleted can form hemangioblasts that produce primitive but not definitive hematopoietic cells.
Much of embryonic development is coordinately regulated by temporal and spatial expression of transcription factors, such as the Homeobox (Hox) gene family. 6 Hox proteins are known to play critical roles in adult hematopoiesis. 7, 8 We and several others cloned an orphan homeobox gene termed Hex (also Prh) that in the adult was preferentially expressed in hematopoietic cells. [9] [10] [11] It is generally down-regulated during terminal differentiation of hematopoietic cells. [9] [10] [11] [12] It is located on chromosome 10, near the Hox11 locus, indicating that one may have arisen from the other by endoduplication. 9 Hex is thought to mediate anterior-posterior organizer inducing signals and endodermal organ formation during vertebrate embryonic development. 13 Whole mount in situ hybridization studies in early chicken embryos found Hex transcripts expressed in all cells of the early endoderm, and then later in both endothelial and hematopoietic cells. 14 These findings were generally duplicated in the developing mouse embryo. 15 We found that homozygous deletion of murine Hex resulted in embryonic lethality at days 11 to 13 from anterior truncation of the forebrain, and failure of the liver and thyroid to develop. 16 Consistent with the knock-out data, Hex has been found to regulate gene expression in anterior endodermal structures such as the thyroid or liver. 17, 18 A second group also reported that Hex deletion produced embryonic lethality around embryonic day 11 with a similar phenotype as above. 19 They also described a decrease in liver macrophage formation. Otherwise, the role of Hex in the regulation of hematopoiesis or angiogenesis was not characterized in these models. However, studies in xenopus and zebrafish indicated that Hex may play a role not just in endodermal organ formation but also in the origin of mesodermal structures such as blood or endothelium. 20, 21 In this study we used in vitro Hex Ϫ/Ϫ murine embryonic stem cell differentiation, in vivo murine yolk sac hematopoietic progenitor analysis, and chimeric mouse analysis to test whether the lack of Hex reduces the ability of the hemangioblast to form embryonic hematopoietic progenitors and endothelial tubules. We found that the lack of Hex was detrimental to the differentiation of the hemangioblast to hematopoietic progenitors and to a lesser extent, to endothelial cells.
Materials and methods

Hemangioblast assay
Hex ϩ/Ϫ and Hex Ϫ/Ϫ murine E14 embryonic stem (ES) cells were generated using homologous recombination and elevated G418 as previously described. 16 This deleted the entire coding sequence of Hex. The hemangioblast assay was performed as previously described. 3 Briefly, day-3 embryoid bodies' (EBs) disaggregated cells were plated at 12 500 cells/mL in the presence of 10% lot-tested fetal calf serum (differentiation serum; Stem Cell Technologies, Vancouver, BC, Canada), 25% D4T cell-conditioned media (D4T cells kindly provided by Dr Gordon Keller, Mt Sinai School of Medicine, New York, NY), 100 ng/mL stem cell factor, and 5 ng/mL vascular endothelial growth factor. Hemangioblast colonies (termed BL-CFCs) are distinguished after 4 days of culture from transitional colonies and secondary EBs by morphology, high expression of both Flk-1 and Runx1 but low expression of Brachyury, and their ability to form both hematopoietic and endothelial cells when plucked and placed in secondary cultures as described. 1, 3, 4 Primitive and definitive hematopoietic progenitor assays Disaggregated day-6 EB cells were plated at 1 to 2.5 ϫ 10 5 cells/mL in 0.9% methylcellulose-based media as we described 22, 23 and counted after 7 days of culture. Colony-forming units-megakaryocyte (CFU-Meg) colonies were scored based on their colony morphology and CD41 expression as assessed by in situ immunohistology. Each experiment was performed at least 3 times in triplicate. For analysis of in vivo yolk sac hematopoietic progenitors, timed pregnant day-8.5 Hex ϩ/Ϫ mice (mated to Hex ϩ/Ϫ males) were killed, individual embryos were dissected free of the uterus, and the yolk sac and the embryo proper were separated using an inverted microscope as we previously described. 22 DNA was isolated from the embryo proper and used for genotyping as we previously described. 16 
Microarray analysis
Total RNA was extracted from 4 distinct cultures of day-6 Hex Ϫ/Ϫ and Hex ϩ/ϩ EBs using the RNAeasy kit according to the manufacturer's instructions (Qiagen, Valencia, CA). First-strand cDNA was synthesized from the DNA-free total RNA using a dT primer that has the bacterial T7 promoter sequence coupled to it. After second-strand synthesis, biotinylated cRNA is synthesized from the T7 promoter, and then fragmented to an average size of 300 nucleotides. The cRNA is spiked with control-labeled cRNA to standardize the assay. After hybridization to an Affymetrix murine GeneChip and washing, the chips were scanned in a dedicated GeneArray scanner, using Affymetrix software (Santa Clara, CA) as the Indiana University Center for Medical Genomics previously described. 24 
Vascular sprout formation assay
Aliquots of 200 L Matrigel (BD Pharmingen, San Diego, CA) were added to each precooled well of 24-well culture plates and incubated at 37°C until gelation occurred as described. 25 Then 40 day-6 Hex Ϫ/Ϫ , Hex ϩ/Ϫ , and Hex ϩ/ϩ EBs were suspended in 200 L ␣-modified essential medium containing 15% fetal bovine serum, 4.5 ϫ 10 Ϫ5 M 2-mercaptoethanol, 2 mM glutamine, 5 ng/mL recombinant murine vascular endothelial growth factor, 100 ng/mL recombinant human ␤-fibroblast growth factor, and 50 g/mL endothelial cell growth supplement (BD Pharmingen), and were seeded on the Matrigel. The EBs were incubated at 37°C in a 5% CO 2 , 2% O 2 , and 85% N 2 humidified environment and sprout formation was assessed. EBs were scored in blinded fashion according to 4 standard classes based on vascular sprout formation: I, no sprout formation; II, few sprouts; III, many sprouts but no network; and IV, many sprouts with network. 25 To ensure that the sprouts formed were derived from endothelial cells the colonies were immunohistologically stained in situ with anti-CD31.
Hex ؊/؊ chimeric mouse analysis
Hex Ϫ/Ϫ ES cells were injected into C57/Bl6 blastocysts to provide a 50:50 ratio of Hex Ϫ/Ϫ to Hex ϩ/ϩ cells. These blastocysts were placed in utero in pseudopregnant females. Chimeric mice were killed at 3 months of age, and DNA was isolated from specific organs of each mouse. Marrow and spleen cells were flow cytometrically sorted into hematopoietic subpopulations using cell surface markers (Ter119, CD19, and Gr-1; BD Pharmingen), and genomic DNA was isolated. Analysis of the tissue contribution of the Hex Ϫ/Ϫ ES cells was performed by densitometrically comparing the ratio of Hex with neomycin phosphotransferase (neo) DNA using normalized multiplex log-phase polymerase chain reaction (PCR) as we previously described. 16 If Hex Ϫ/Ϫ ES cells contributed equally well to the generation of a given organ or lineage, then the ratio of neo to Hex sequences would be 1:1. If Hex Ϫ/Ϫ ES cells contributed poorly to a given organ or lineage then the ratio of neo to Hex would be significantly less than 1.0.
Results
To test the effect of deleting the homeobox gene Hex on hemangioblast formation, in vitro hemangioblast assays (BL-CFC assays) were performed using Hex ϩ/ϩ , Hex ϩ/Ϫ , and Hex Ϫ/Ϫ embryoid bodies (EBs) derived from differentiating ES cells ( Figure 1A -B). In vitro formation of definitive hemangioblasts from day-3 EBs expresses low levels of Brachyury, but high levels of Runx1 and Flk-1, and has characteristic BL-CFC colony morphology. 1, 4 Hex is not expressed in these BL-CFCs by RT-PCR. BL-CFC colony morphology is shown at ϫ 40 magnification. (B) Primitive and definitive hematopoietic progenitor assays from in vitro differentiation of Hex Ϫ/Ϫ , Hex ϩ/Ϫ , and Hex ϩ/ϩ EBs. There was no effect of the deletion of the homeoprotein Hex on in vitro formation in day-3 EB hemangioblasts (i) and day-6 EB EryPs (ii). However, there was a dose-dependent requirement for the presence of Hex for the proper development of in vitro EB definitive BFU-E (iii), CFU-GEMM (iv), CFU-GM (v), and CFU-Meg (vi) hematopoietic progenitors. All assays were performed 3 times in triplicate. (C) Measurement of in vivo day-8.5 yolk sac hematopoietic progenitor formation. Both primitive and definitive hematopoietic progenitors are present at this stage and are measured together in this assay. The lack of Hex also reduces the ability of yolk sacs to develop in vivo in hematopoietic progenitors (n ϭ 41 embryos). Error bars represent SEM. There was no statistical distinction in the ability to form hemangioblasts between the Hex ϩ/ϩ , Hex ϩ/Ϫ , or Hex Ϫ/Ϫ EBs. Interestingly, whereas the BL-CFCs express Runx1 and Flk-1, with a low level of expression of Brachyury, as previously described, 4 we found that they do not appreciably express Hex ( Figure 1A) . Next, the capability of Hex wild-type (wt) or knock-out EBs to form primitive erythroid progenitors (EryPs) was analyzed using colonyformation assays ( Figure 1B ). There was no statistical difference between the ability of the Hex cell types to form EryP colonies. Therefore, the lack of Hex did not affect the formation of BL-CFC hemangioblasts or EryPs from differentiating EBs. There is evidence that there is a distinct hemangioblast population for primitive compared with definitive hematopoiesis. 4 The lack of Hex might have different effects on primitive versus definitive embryonic hematopoiesis. Therefore, the effect of deleting Hex on the formation of definitive hematopoietic progenitors was analyzed ( Figure 1B) . Hex ϩ/ϩ EB cells had 2.5-fold more definitive colony-forming units-granulocyte/macrophage (CFUGMs) than Hex ϩ/Ϫ EB cells, and 96-fold more CFU-GMs than Hex Ϫ/Ϫ EBs. Hex ϩ/ϩ EB cells had 4.4-fold more definitive colonyforming units-granulocyte/erythroid/macrophage/megakaryocyte (CFU-GEMMs) than Hex ϩ/Ϫ EB cells, and 55-fold more CFUGEMMs than Hex Ϫ/Ϫ EB cells. Hex ϩ/ϩ EB cells had 5.1-fold more definitive blast-forming units-erythroid (BFU-Es) than Hex ϩ/Ϫ EB cells, and 9.5-fold more definitive BFU-Es than Hex Ϫ/Ϫ EB cells. Hex ϩ/ϩ EB cells had 5.7-fold more colony-forming unitsmegakaryocyte (CFU-Meg's) than Hex ϩ/Ϫ EB cells. No CFUMeg's developed from the Hex Ϫ/Ϫ EB cells. Thus, the lack of one Hex allele statistically significantly decreased the ability of EBs to form definitive hematopoietic progenitors, whereas the lack of both alleles almost completely abrogated the ability of EBs to form such progenitors.
To assess whether the hematopoietic defect observed with Hex deletion in vitro was also present in vivo, the affect of Hex deletion on yolk sac hematopoietic progenitor formation was tested ( Figure  1C ). Yolk sacs from day-8.5 pregnant Hex ϩ/Ϫ female mice were microdissected and hematopoietic progenitors quantified by colonyformation analysis. By day 8.5, both primitive and definitive hematopoietic progenitors are present in the yolk sac, and both will be counted in these colony-formation assays. There was no statistical difference between the number of Hex ϩ/ϩ and Hex ϩ/Ϫ yolk sac hematopoietic progenitors. However, Hex ϩ/ϩ yolk sacs had 1.7-fold more BFU-Es, 2.4-fold more CFU-GMs, and 2.1-fold more CFU-GEMMs than did Hex Ϫ/Ϫ yolk sacs. Heterogeneity was noted in the number of Hex Ϫ/Ϫ yolk sac progenitors, where 8 of 12 Hex Ϫ/Ϫ yolk sacs had essentially no progenitors and 4 of 12 had near normal numbers. On average, these data demonstrated that Hex deletion also decreased in vivo yolk sac hematopoietic progenitor development in addition to in vitro EBs.
Since the hemangioblast gives rise to endothelial cells as well as hematopoietic cells, the effect of Hex deletion on vascular sprout formation was assessed using in vitro EB differentiation ( Figure  2A) . Hex ϩ/ϩ EBs cultured in conditions that stimulated vascular sprout formation had 33.6% of the EBs form mature class IV Figure 2B ). Flow cytometric analysis of Hex Ϫ/Ϫ differentiating day-6 EBs demonstrated decreased vascular endothelial (VE)-Cadherinpositive endothelial cells and decreased Gr-1 ϩ myeloid cells compared with Hex ϩ/ϩ EBs. Hex Ϫ/Ϫ EBs had an average of 2.9% VE-Cadherin-positive cells, whereas Hex ϩ/ϩ EBs had an average of 5.6%. Hex Ϫ/Ϫ EBs had an average of 1.2% Gr-1-positive cells, whereas Hex ϩ/ϩ EBs had an average of 8.9% Gr-1-positive cells.
To assess whether Hex Ϫ/Ϫ ES cells could contribute to hematopoietic tissue in an adult mouse, Hex ϩ/ϩ and Hex Ϫ/Ϫ chimeric mice were generated by blastocyst mixing. The percent contribution of Hex Ϫ/Ϫ ES cells to specific hematopoietic tissues was characterized by the ratio of neo (from Hex Ϫ/Ϫ cells) to Hex (from Hex ϩ/ϩ cells) DNA (Figure 3) . Carefully isolated marrow, lung, liver, total peripheral blood leukocytes, and thymocytes all had significantly decreased contribution of Hex Ϫ/Ϫ ES cells as demonstrated by a lack of neo sequences (Hex deletion) compared with the presence of normal Hex DNA. In addition, Hex Ϫ/Ϫ cells contributed very little to the flow sorted CD19 ϩ B cells, Gr-1 ϩ mature granulocytes, and Ter119 ϩ erythroid cells. The unexpected finding that the lung also had few cells that did not contain Hex indicates that it also may require Hex for development. Hex Ϫ/Ϫ mice die before the lung is fully developed, and therefore the role of Hex in lung organogenesis has not been defined. The finding that Hex Ϫ/Ϫ ES cells could not contribute to both lymphoid as well as myeloid lineages implicates a requirement by the hematopoietic stem cell (HSC) for Hex. Hex Ϫ/Ϫ contribution to endothelial cells could not be accurately assessed because of contamination with other tissues, especially smooth muscle, which does not require Hex.
To validate the cell biology findings above, and to identify genes that Hex might regulate, the gene expression patterns of the day-6 Hex ϩ/ϩ EBs were compared with the expression patterns of Hex Ϫ/Ϫ EBs using microarray analysis (Tables 1-2 ). This analysis found that a number of hematopoietic-and endothelial-specific genes demonstrated decreased expression in day-6 EBs when Hex was deleted, and several mesodermal or hemangioblast genes were increased. For example, definitive erythroid-specific proteins such as alpha-and beta-globin, Band 4.2, glycophorin A, and T-cell surface markers such as cytotoxic T-lymphocyte antigen 4 (CTLA4) were decreased when Hex was absent. Transcription factors important in hematopoiesis such as EKLF, Gata-1, NF-AT, and PPARgamma were also decreased. The liver hematopoietic stem/ progenitor cell marker AA4 was decreased, but there was no change in the levels of Flk-1, Runx1, or Scl transcripts. This is consistent with the lack of a change in Flk-1 expression in the Hex Ϫ/Ϫ day-9 embryos. 16 However, BMP-4, an essential inducer of hematopoietic mesoderm, was increased. The endothelial marker VE-Cadherin was decreased when Hex was absent, consistent with the flow cytometry data. In addition, the endothelial genes Tie1, tissue factor pathway inhibitor (TFPI), and lipoprotein lipase were also decreased in the microarray analysis.
To validate the microarray findings, we performed reverse transcription (RT)-PCR expression analysis on 3 genes that were found to be significantly regulated by Hex in the microarray analysis (Figure 4) . Genes for 2 erythrocyte proteins, erythrocyte membrane protein Rh50 (Rhag) and solute carrier family 4 (Slc4a1), were found to be significantly decreased in the Hex Ϫ/Ϫ day-6 EBs by microarray analysis. Rhag50 was decreased by 2.5-fold and Slc4a by 2.8-fold, very consistent with the microarray data shown in Tables 1-2 . Brd4, a bromodomain-containing protein important in mitosis, was increased 6.7-fold in this RT-PCR analysis, again consistent with the microarray data.
Discussion
The lack of Hex does not affect hemangioblast formation as assessed by the BL-CFC assay. This is consistent with the finding that Hex is not expressed in the BL-CFC colonies. The Hex Ϫ/Ϫ defect is limited to definitive embryonic hematopoiesis, with primitive embryonic hematopoiesis being unaffected. This distinction is made more clear by the microarray analysis, which shows that the embryonic betaH1-and ery2-globins do not appear to be decreased, in contrast to the adult (alpha and beta1) globins, which are decreased in the Hex Ϫ/Ϫ EBs.
This primitive versus definitive defect is similar to what is seen with Runx1 homozygous deletion, where hemangioblasts that give rise to definitive hematopoietic cells are decreased, but hemangioblasts that give rise to primitive hematopoiesis seem to be maintained. 4 However, that report indicates that Runx1 would function before Hex is required, since total hemangioblast function was not affected by Hex deletion.
Although the Runx1 deletion studies indicate that there may be 2 distinct hemangioblasts, arising from developing mesoderm, the data here imply that there are distinct pathways of differentiation by the hemangioblast after it is formed: one for primitive and one for definitive hematopoiesis. The data also lend weight to the hypothesis that there are distinct HSCs for each type of embryonic hematopoiesis. 1, 4 Thus, if there are distinct primitive versus definitive hemangioblasts each giving rise to distinct primitive versus definitive HSCs, respectively, it appears that Hex is required for only the transition from the definitive hemangioblast to a definitive HSC, and to a somewhat lesser extent, endothelial cells. Hex Ϫ/Ϫ EBs did not form endothelial tubules as well as wt EBs. However, there was not a complete lack of endothelial tubule formation, consistent with the microscopic observation that Hex Ϫ/Ϫ embryos can form some vessels before they expire at day 12. Thus, the inhibition of angiogenesis from the differentiating hemangioblast appears less severe than the inhibition of definitive hematopoietic progenitor development. This raises the question of whether there are primitive versus definitive endothelial progenitors, since the data here show a partial defect in Hex Ϫ/Ϫ endothelial sprout formation, yet Hex Ϫ/Ϫ embryos show minimal vessel disruption at death. 16 Although a dose effect for Hex is seen in the analysis of the definitive hematopoietic progenitors, Hex ϩ/Ϫ mice survive to adulthood without obvious defects. Therefore, it is likely that there is a threshold below which Hex expression must fall before there is enough phenotypic damage to the definitive HSC to prevent its development or expansion. In addition, environmental signals within the developing embryo/yolk sac/placenta complex in vivo may compensate for the lack of one Hex allele, perhaps stimulating its overexpression. Such signaling would not be present in the in vitro EB. The microarray data provide some candidates for this, such as BMP-4. Also, it may be the persistence of primitive erythropoiesis in the Hex Ϫ/Ϫ embryos that allows them to mature to day 12 where the failure of endodermal organ development becomes lethal.
Thus, the in vitro ES cell differentiation experiments, the in vivo yolk sac progenitor assay, the chimeric mice analysis, and the microarray data all lend credence to the hypothesis that Hex is not needed for initial hemangioblast formation, but is required for proper differentiation of the hemangioblast once it is formed. The finding that Hex Ϫ/Ϫ cells could not contribute significantly to the formation of either lymphoid or myeloid tissue implicates a role for Hex in the generation of hematopoietic stem cells.
As mentioned, the finding that primitive erythropoiesis was normal implies that there is a distinct HSC for primitive versus definitive hematopoiesis, and that this stem cell does not require Hex. Therefore, the transcriptional regulation of gene expression cascades is distinct in the primitive and the definitive HSC. These data, especially the ES cell phenotypes, and the microarray experiments, allow for hypothetical placement of Hex in the cascade of transcriptional regulators and cytokines expressed during hemangioblast formation. Based on these data, one would hypothesize that BMP-4, Flk-1, Runx1, and Scl are epistatically above or at least parallel to Hex. IGF-1, Gata-1, EKLF, NF-AT, and PPARgamma require Hex for expression, and therefore may be epistatically below Hex. In summary, this study provides evidence that Hex may have an essential role in hematopoietic stem cell origins and begins to define that role in the context of other known factors. 
